The nanomechanical response properties of 3C-SiC nanowires are investigated using molecular dynamics simulation with Tersoff bond-order interatomic potential. Under axial compression and tensile strain, the computed Young's modulus and structural changes at elastic limit do not depend appreciably on the diameter of the nanowire except for the nanowire of the smallest diameter ͑Ϸ1 nm͒ under compression. The elastic modulus and structural failure near the elastic limit regime, for nonaxial bending and torsional strains, are found to depend strongly on the nanowire diameters through a power-law behavior. The exponent of the power-law behavior and mechanisms of the material failure under different types of loading strains are described in this work.
I. INTRODUCTION
Since its discovery in crystalline form in a meteorite in 1905, silicon carbide has been cited for its remarkable electronic and mechanical properties. In addition to the well known crystalline and amorphous forms of this material, quasi-one-dimensional structures of SiC with nanometer scale radial dimensions ͑nanowires͒ have also been synthesized recently. The SiC nanowires are expected to possess superior structural stability and mechanical properties at high temperatures and thus can be utilized for possible applications in high-frequency and high-temperature electronic and micromechanical devices on one hand, and thermal protection materials for aerospace vehicles on the other.
With the recent advances in crystal growth technology mass production of high quality SiC single crystals and nanowires is now feasible. 1 A number of existing techniques, used for synthesis of SiC nanowires, are based upon filling the carbon nanotubes ͑CNTs͒ with other materials. These include in situ growth of metal-carbon composites via electric discharge in an arc 2, 3 and capillary-driven liquid reagent CNT filling. 4, 5 A new technique, based upon CNT solidvapor reaction with volatile oxide and/or halide species, has recently been developed, which allows for significantly better control over the diameter of the synthesized nanowires. 6 The SiC nanowires with diameters ranging from 2 to 30 nm have been grown with this technique. Furthermore, nanowires with diameters ranging from 10 to 30 nm have also been grown via chemical vapor deposition ͑CVD͒. 7 Electrospinning of polyacrylonitrile nanofibers, used to synthesize the ͓111͔-oriented SiC nanowires in Ref. 8 , show that high quality single-crystalline SiC nanowires with diameters reduced down to Ӎ30 nm can be grown regularly. A considerable reduction in the diameter of nanowires down to 5 nm can now be achieved by using a catalyst, as demonstrated in Ref. 9 . All of the above, along with recent advances in the pure SiC crystal growth, clearly demonstrate that controlled synthesis of SiC nanowires with few nanometer diameter is now a reality. A study aimed at detailed understanding of the structural, mechanical, and thermal properties of such onedimensional material systems, with particular emphasis on the structure-property relations is, thus, timely.
The structural and mechanical properties of different nanowire systems have recently been the focus of extensive investigations using both the continuum elasticity theory based models and atomistic molecular dynamics simulations. In particular, structural and nanomechanical properties of cagelike or clathrate and diamondlike or tetragonal silicon nanowires were compared in a recent work. 10 The study of minimum energy configurations and stability of nanowires having single and polycrystalline forms as well as cagelike forms as a function of nanowire diameter were the subject of another recent study. 11 In this work it was shown that, in the small diameter regime, the Si nanowires with single crystal diamondlike tetrahedral structures oriented in the ͗111͘ direction were the most stable, followed by the nanowires with cagelike lattice structures. By contrast, the diamondlike tetrahedral structures with polycrystalline defects were found to be least stable.
11 This is at odds with a previous study, where thinnest Si nanowires were proposed to be stabilized by the formation of polycrystalline defects in the single crystal lattice structures. 12 A recent experimental study of the mechanical properties of SiC nanowires reports the maximum bending strength of 53.4 GPa for a 23 nm diameter SiC nanowire, 13 which is significantly larger than the comparative maximum value of 28.5 GPa, obtained for multiwall carbon nanotubes. Thus, for bending strength, the SiC nanowires have comparable or better mechanical properties than multiwall carbon nanotubes of similar diameters. Among other alternatives to CNTs as high-performance materials for mechanical reinforcement and thermal management, the diamond nanowires have also been considered.
14 It has been shown that nanometer size diamond nanorods ͑DNRs͒ or nanowires also possess outstanding mechanical and thermalproperties. 14, 15 Thus, it was found that, for DNR with diameters exceeding 6 nm, the magnitude of the fracture force and stiffness are larger than those for carbon nanotubes. On the other hand, it was pointed out that superior strength of DNRs comes at the expense of larger strength-toweight ratio. Nonlinear effects are vital for understanding the mechanical properties of systems at nanometer scale. The simulation study of elastic response of copper nanowires as a function of the nanowire diameter, 16 shows that the size dependence of elastic moduli in nanowire systems can be attributed to the nonlinear effects in the core regions as opposed to the well known effects controlled by the surface-tovolume ratio. 17 In this paper, we report on the results of molecular dynamics ͑MD͒ simulation based investigation of the nanomechanics of ͗111͘-oriented SiC nanowires of diameters ranging from Ӎ0.89 to Ӎ3.59 nm, with emphasis on the diameter dependent mechanical properties of SiC nanowires under axial compression and tension, and nonaxial bending and torsional strains. The remainder of the paper is organized as follows. In Sec. II, we describe the model and detail the computational method. Section III describes the main results, followed by a summary and comments of the principle findings reported on in Sec. IV.
II. SIMULATION METHOD
In this work, we use the Tersoff many-body bond-order reactive potential to describe the Si-Si, Si-C, and C-C interatomic interactions between the atoms of model crystalline 3C-SiC. 18, 19 The potential is known to describe adequately the crystalline and amorphous phases of SiC and its nonstoichiometric alloys, and has been used in many atomistic simulation studies in the past. For example, brittle fracture of ␤-SiC under hydrostatic tension was extensively studied in Ref. 20 , and the pressure-induced transition to an amorphous state in Refs. [21] [22] [23] . Atomistic MD simulation study of thermal properties of ␤-SiC was performed in Ref. 24 . A reparametrized version of the Tersoff potential has been successfully employed to study radiation induced point defects in irradiated SiC crystals. [25] [26] [27] [28] All of the above allows us to conclude that the Tersoff potential 18, 19 for SiC interatomic interactions is capable of describing equilibrium and deformed structures of crystalline bulk and nanowire SiC.
The mechanical response characteristics of ͗111͘-oriented 3C-SiC nanowires with six different diameters, ranging from Ӎ0.89 to Ӎ3.56 nm, were investigated via atomistic simulations. Two more nanowires of larger diameters ͑4.61 and 7.7 nm͒ were included into consideration to validate the obtained scaling relations. The diameter of the nanowires of hexagonal cross section is defined as an average of two radial dimensions: center to corner and center to edge distances. In Fig. 1 , we illustrate the geometry of the six simulated systems. The length of nanowires varies from 165.4 to 162.5 Å. The numbers of atoms in the simulated systems lie in the range between 1536 and 18 816, depending on the nanowire diameter. The unit cells of the nanowires were prepared by carving out the corresponding structures from the bulk 3C-SiC crystal, which subsequently were relaxed using the generalized tight-binding molecular dynamics ͑GTBMD͒ scheme. 29 The simulated nanowire structures were generated from the unit cells and further relaxed for temperature dependent stability using the MD method with Tersoff potential for SiC interatomic interactions. The dynamical loading procedure was performed in the adiabatic approximation. The edge atoms, residing within several atomic planes at both ends, were kept fixed in the MD relaxation procedure, applied between the loading steps. The number of fixed atoms vary from 48 to 588, depending on the nanowire diameter. The positions of these edge atoms are moved at a constant rate according to the desired axial or nonaxial strain, while the whole system is dynamically relaxed using MD simulations. Each loading and relaxation step thus involved heating the system to a high temperature state ͑800 K͒ for 1000 steps and gradual cooling down to low temperature ͑less than 0.1 K͒ for 5000 MD steps. The elastic strain energies were computed with respect to the unstrained relaxed initial state, and the mechanical response characteristics of the nanowires under axial ͑tension and compression strains͒ and nonaxial ͑torsion and bending strains͒ were investigated. In each case, the mechanical response was studied until the nanowire reached the structural stability threshold under given strain conditions.
III. RESULTS

A. Tension and compression
In Fig. 2 , the elastic energy behavior under uniaxial compression ͑left panel͒ and tension ͑right panel͒ is shown for 3C-SiC nanowires of six different diameters. In all simulated cases, the uniaxial strain was applied along the z direction ͑see Fig. 1͒ . We denote the energy of the initial strain-free configuration as E 0 . The strain was applied in small increments of +0.25% ͑tension͒ and −0.25% ͑compression͒ and, as mentioned above, each loading step consisted of heating to 800 K for 1000 steps and gradual cooling down to 0.1 K for 5000 steps. The energy of the strained system obtained this way is denoted as E l . The excess energy, E s = E l − E 0 , is the total elastic energy, accumulated in the nanowire due to external loading. In the linear elasticity regime, the elastic energy density is a quadratic form of the applied strain ͑ϳ⑀ zz 2 ͒, and the proportionality coefficient is one half of the Young's modulus. Consequently, the Young's modulus can readily be extracted from the simulation data ͑see Fig. 2͒ using the following relation:
where Y is the Young's modulus, Ē s is the elastic energy per atom, and ⍀ is the normalized per atom volume of the system ⍀ = V / N. For each simulated nanowire, we take V to be the volume of the initial unstrained configuration containing N 3C-SiC atoms. In the limit of small strain, the elastic energy varies quadratically as a function of the applied strain. At larger strain, however, nonlinear effects, causing deviations from the quadratic behavior, occur. The elastic modulus is computed in the linear elastic regime. For tensile loading, as shown in Fig. 2 , the Young's modulus is nearly independent of the diameter of nanowire. However, some deviations from the average value are observed for the nanowire of smallest diameter ͑d w = 0.89 nm͒. For all considered nanowires, deviations from the quadratic behavior occur when tensile strain is larger than Ӎ10%. It has been recently pointed out that nonlinear effects in the nanowire core can be the cause of the size dependence of the elastic modulus of nanowires, 16 which is different from the traditional view that such deviations occur due to surface modulus contribution and, thus, are dependent on the surface-to-volume ratio. 17 It is not straightforward in our simulations to separate the effect due to increased surface-to-volume ratio from that of the nanowire core contribution. However, if the smallest diameter nanowire is excluded, the softening is largest for d w = 1.43 nm and decreases with the wire diameter, with deviations being mostly within the limits defined by surface-tovolume ratio induced effects. 16, 17 Using Eq. ͑1͒, the Young's modulus for the given set of nanowires was computed for both the tensile and compressional strains. The computed values range from 520.2 to 537.4 GPa, which is well within the range of the observed experimental values ͑392-694 GPa at 300 K͒ reported in the literature. 30 For convenience, the computed elastic constants for six studied nanowire diameters are summarized in Table I .
The microstructural changes, associated with the subcritical loadings ͑i.e., near the threshold of structural integrity͒, were investigated by monitoring the number of nearest neighbors for each atom in the system during both tensile and compressional loadings. The coordination numbers during the tensile loading does not change much and the regions with overcoordinated or undercoordinated atoms are not observed. Rather, the nanowires demonstrate homogeneous elongation with the accumulation of strain energy, which leads to nanowire failure at strains exceeding 18%. The nanowires demonstrate no plastic relaxation and/or defect formation up to the critical loading magnitude. After the critical value of the strain is reached, disintegration, closely resembling the brittle fracture, occurs in each of the cases considered, which proceeds by breaking of bonds. The region where the fracture occurs remain localized to within two to three atomic planes. The localized nature and details of the observed brittle fracture, however, are not emphasized further because ͑a͒ the cutoff radius of Tersoff interatomic potential used for Si-Si, Si-C, and C-C interactions may not be suitable for studies of bond breaking under large tensile strain and ͑b͒ the high-temperature simulations may frequently explore the cutoff region of the interatomic potential. This limitation, however, does not affect the observed behavior under compression, bending and torsional strains.
Under compressional strain, well below the elastic limit, the accumulated strain energy does not depend appreciably on the diameter of the nanowire ͑⑀ zz Յ −5 % ͒. However, for fixed length, near the elastic limit, size-dependent deformation behavior is observed. Two examples of nanowires under compression near the elastic limit are shown in Fig. 3 . For small diameters ͓see Fig. 3͑a͔͒ , the nanowire buckles under uniaxial compression. The region around point "B" at the location of the buckled center ͑involving Ӎ5 -10 atomic planes͒ is under high tensile stress and shows a presence of low-coordinated atoms and few broken bonds. On the other hand, the region around point "A" of the buckled center undergoes large compressive stresses. As a result, rearrangement of atoms in this region takes place to reduce the increased local density. For the same length, as the diameter of the nanowire increases from 0.89 to 3.56 nm, the buckling mode and the mechanism of strain relaxations near elastic limit changes. An example of deformation of the large diameter nanowire ͑d w = 3.56 nm͒ near elastic limit is shown in Fig. 3͑b͒ . The nanowire in this case preserves its original geometry, but large regions with increased defects and loss of crystalline structure are observed near its top and bottom. In these regions both the undercoordinated and overcoordinated atoms are present. As shown in Fig. 3͑b͒ , the uniaxial compression of the large diameter nanowire also results in a gliding plane deformation in which atomic layers appear to glide along the ͕101͖ plane. The main difference between the two above-described mechanisms is that for the given length, the smaller diameter nanowires undergo Euler type buckling, 31 whereas for larger diameter nanowires the buckling is not observed. The modes of buckling of a nanowire ͑the lowest mode being the Euler buckling mode͒ are defined by both the length and diameter of the nanowire. The critical stress for buckling instability development is proportional to 1 / L 2 and to the moment of inertia I m ͑I m ϳ d w 4 ͒. Hence, the Euler buckling instability also occurs for nanowires of large diameters, when their length is increased correspondingly. The theoretical threshold loading for the Euler instability development for nanowire of diameter d w = 0.89 nm corresponds to the applied strain of Ӎ0.2%. Thus, nearly in the whole region of strain variations, the nanowires undergoes buckling and the transitions between different buckling modes are allowed. The buckling mode for the thin wire ͑d w = 0.89 nm͒, shown in Fig. 3͑b͒ , occurs at Ӎ1% strain, which is much larger than that predicted above by continuum elasticity theory. This shows that, perhaps, continuum elasticity is not valid for the thinnest diameter wire investigated. On the other hand, the thickest nanowire is expected to buckle for the applied strains Ն6.0%. Consequently, in the simulation it reaches structural instability threshold faster than that of the buckling instability. It should be further emphasized that the modes of buckling, we observed in our simulations ͑modes 1 through 3͒, are not the only possible modes. There exist infinite number of buckling modes, depending on the applied stress and relations between geometrical parameters of the nanowire. The Euler buckling mode for the d w = 1.42 nm nanowire has also been observed. Similar Euler type buckling has also been observed for carbon nanotubes under compressional strain.
The above-described behavior shows that the mechanical properties of small diameter SiC nanowires are comparable to those of carbon nanotubes of similar diameters. 32 Near the elastic limit regime, nonlinear Euler-type buckling is observed in both the small diameter SiC nanowire and carbon nanotube of similar diameter. In small diameter SiC nanowire, the buckling causes the formation of plastic bonding rearrangements, whereas in the case of carbon nanotubes the elastic response behavior remained intact even under the nonlinear Euler buckling of the nanotube.
B. Torsion
The torsional loading was performed in a manner similar to the case of tension and compression. All six nanowires were first relaxed for 1000 MD steps at T = 800 K and then gradually cooled down to T = 0.1 K over 5000 MD steps. The computed total energy at 0.1 K ͑E 0 ͒ is the reference energy for the subsequent torsional loading simulations. The fixed atoms, located in the edge regions at the two ends, were rotated clockwise and counterclockwise, respectively, in steps of 1.5°. After each torsional loading step the nanowire was relaxed at 800 K for 1000 MD steps and gradually cooled down to T = 0.1 K for 5000 MD steps. The difference of the resultant total energy of the torsionally loaded step ͑E l ͒ with respect to the energy of the strain-free configuration E s = E l − E 0 , is the strain energy of the torsionally loaded nanowire. In Fig. 4 , the strain energy as a function of torsion angle is shown for six nanowires of different diameters. The torsional stiffness can be computed from
where L is the length of a nanowire, is the angle of torsion, and N is the number of atoms in the nanowire. 33 Unlike the Young's modulus for axial strain, the torsional stiffness is found to strongly depend on the nanowire diameter. The tor- sional stiffness as a function of nanowire diameter follows approximately a power law T ϳ d w ␣ , with the power-law exponents ␣ being Ӎ3.57. For small diameter nanowire ͑d w = 0.89 nm͒, the torsional stiffness is much higher than that predicted by the power law. Moreover, this nanowire keeps its structural integrity for loads largely exceeding those, observed in systems with larger dimensions. This is probably due to the effect of increased surface-to-volume ratio, which allows for nonlinear relaxation of the accumulated stress in the most efficient way for atomically resolved model systems. As seen in Fig. 4 , for each nanowire, there is a critical value of torsion angle, beyond which plastic defects occur with a sudden drop in the accumulated torsional strain energy. This angle corresponds to the critical torque c ϳ c , the nanowires can sustain without any loss in structural integrity. As follows from Fig. 3 , the critical angle is a function of the wire diameter, and larger critical angles correspond to thinner nanowires. The dependence can be expressed by a simple scaling form c ϳ d w ␦ , where the exponent ␦ Ӎ −1.0. This dependence holds for SiC nanowires of relatively large sizes.
As the diameter decreases below 1.5 nm, the nanowires demonstrate higher limit of structural stability under torsion. When twisted beyond critical angle, the nanowires release the accumulated elastic energy through bond breakage in one of the regions close to the wire end. The extent of the region involved in the plastic deformation amounts to several atomic planes. In this region, a small number of atoms with coordination less or more than fourfold ͑bulk͒ and threefold ͑surface͒ are observed. The number of fivefold coordinated atoms is more than the twofold atoms. The unloading of the torsional strain results in a near recovery of the general geometry characteristic for the initial ͑unloaded͒ state in the nanowire, except for the narrow-width region involved in fracture.
C. Bending
The response of the nanowires to bending strain is described next. The set of six nanowires, depicted in Fig. 1, were bent using the following procedure: Using MD simulations, nanowires were first dynamically relaxed at 800 K for 1000 MD steps, then gradually cooled down to 0.1 K for 5000 MD steps. Thus equilibrated systems were bent in small loading increments. At each step of loading, the fixed edge atoms were moved in an arc with an angle increment of 0.3°. Subsequently, the system was dynamically relaxed for 800 K for 1000 steps and again gradually cooled down to 0.1 K in 5000 MD steps. The energy of the strained configuration E l was measured as a function of the bending angle. In Fig. 5 , we show the strain energy E s = E l − E 0 , plotted as a function of the bending angle ␤. For small values of ␤, the loading curve is quadratic and bending modulus is evaluated according to
where L is the length of the nanowire, ␤ is the bending angle, Ē s is the normalized per atom elastic energy, and N is the number of atoms in the nanowire. 33 Similar to the case of torsion, the bending rigidity as a function of the diameter of nanowire d w is found to vary as a power law, according to B ϳ d w ␥ relation, where the powerlaw exponent ␥ is Ӎ3.52. This result is in correspondence with the continuum elasticity based analytical prediction of ϳd w 4 behavior. 33 The bending modulus of the nanowire of smaller diameter does not follow this scaling relation closely. The nanowires with d w Յ 1.5 nm are found to sustain much larger bending deformations as compared to their largediameter counterparts. In the regime of large bending strains, deviations from the linear elasticity are observed. At large ͑nanowire-diameter specific͒ values of the bending angles, the elastic energy demonstrates behavior resembling the plastic flow. This allows one to introduce a critical bending angle ␤ c at which the elastic bending strain energy does not increase in the case of smaller diameter ͑d w Յ 3.0 nm͒ nanowires. Note that when the nanowire diameter grows beyond a certain thickness ͑Ӎ3.0 nm͒, the onset of the structural instability manifests itself by changes in the transition to a slower rate of increase in the elastic energy. The threshold angles for the slower rate regime are marked by the arrows in Fig. 5 . This behavior is similar the one observed and explained recently for Si nanowires in Ref. 10 . As the bending continues beyond this point, further destructuring takes place, the behavior resembling plastic flow is observed, as in the case of small diameter nanowire. As shown in Fig. 5 , the critical value of bending angle is a decreasing function of the diameter of nanowire. We found that ␤ c can be described by a scaling relation of the form ␤ c ϳ d w , where the exponent Ӎ −1.0. This is qualitatively similar to the dependence observed in Fig. 4 in the case of critical torsion angle as well.
The snapshots showing the geometry of the two nanowires with d w = 0.89 nm and d w = 3.56 nm under bending strain close to the limits of the structural stability are given in Figs. 6͑a͒ and 6͑b͒. The mechanism of stress release in the subcritical regime is similar for the nanowires of all diameters considered in this work. Near the critical bending strain, the nanowires undergo considerable structural rearrangements of the atoms near the central region of the wire, as shown in Figs. 6͑a͒ and 6͑b͒. The region near point "B" is under highly compressive strain and significant rearrangement and randomization of the atoms occur to release the built up strain in this region. In the region near point "A," the atomic lattice is under tensile strain. This is where the bond breaking under overcritical bending strain occurs. When the applied bending strain is increased further, a material failure is observed. The failure mechanism is similar for the nanowires of all diameters considered. It should be noted that, even in the case of large diameter nanowire, the extent of the region where large deformations occur is limited to several atomic planes only. The coordination numbers for the atoms in the subcritical regime were computed, and we found that the number of undercoordinated and overcoordinated atoms is very small. Again, the mechanism of failure resembles brittle fracture and no apparent signs of plastic deformation ͑except regions around A and B͒ were found for strains less than those corresponding to the threshold of structural integrity.
IV. SUMMARY AND CONCLUSIONS
In summary, using molecular dynamics simulations, we have investigated the elastic properties of 3C-SiC nanowires of different diameters and structural changes, caused by the external loadings. Under uniaxial compressive and tensile loading, the elastic moduli and the limits of structural integrity are found to be largely independent of the wire diameter. For nonaxial torsional and bending strains, on the other hand, both the elastic response and the structural deformation mechanism near the elastic limit depend strongly on the nanowire diameter. The critical angle of torsion is found to be nearly inversely proportional to the radius of nanowire and the torsional rigidity increases with the nanowire radius following a power law. Qualitatively similar trends in the behavior are observed in the case of bending loading as well. For very thin nanowires ͑Յ1 nm͒, the nonlinear effects are found to play a significant role in defining the material's response to the external bending and torsional strains. The subcritical ͑near thresholds of structural stability͒ effects were studied at atomic level by monitoring the coordination numbers of the atoms in the highly strained regions. The nanowires are found to largely preserve their microstructural properties up to the critical loads, and, in some aspects, the mechanical properties the ͗111͘-oriented SiC nanowires are found to possess comparable or even better mechanical response properties than carbon nanotubes of similar diameters. Our study shows that silicon carbide nanowires have a number of advantages over the other materials as a candidates for micromechanical applications. Indeed, by reducing the nanowire radial dimensions, one can substantially vary the mechanical properties under torsion and bending. Recent advances in the SiC nanowire growth has made it possible to achieve size reductions that allow for remarkable control over the nanowire micromechanical properties. When scaled down to several nanometers in diameter, these structures possess anomalously high limits of structural stability under loads, which can be utilized for micromechanical device applications. 
